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Abstract: Breaking the diffraction limit is always an appealing topic owing to the urge 
for a better imaging resolution in almost all the areas. As an efficient solution, the 
superlens based on the plasmonic effects can resonantly amplify evanescent waves, the 
lost treasure, and reach the subwavelength resolution. However, the natural plasmonic 
materials, within their limited choices, usually have inherently high loss and are only 
available from the infrared to visible wavelengths. In this work, we demonstrate that 
arbitrary materials, even air, can be applied to enhance the evanescent waves and build 
the superlens with low loss at desired frequency. The working mechanisms reside in the 
dispersion-induced effective plasmons in a bounded waveguide structure, where 
materials with only positive permittivity is used. By using the air as an effective 
plasmonic material in a parallel-plate waveguide, the broadband enhancement of 
evanescent waves and the ability to beat the diffraction limit are well verified at 
microwave frequency. As a specified realization, we further constructed and 
experimentally investigate the more practicable hyperbolic metamaterials (HMM) by 
stack of air and dielectric layers. The validity of HMM is verified by the directional 
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propagation and imaging with a measured resolution of 0.087 λ (λ is the working 
wavelength). The proposed mechanisms can break the conventional barriers of 
plasmons-based lens and bring new possibilities in the superreolution imaging area. It 
also should be noted that the functionality of the proposed method is obviously not 
limited to this particular imaging demonstration. More applications based on the 
enhancing evanescent waves, such as ultrasensitive optical, spontaneous, light beam 
steering can also be expected. 
 
 
Imaging with unlimited resolution has been an intriguing dream of scientists for a few 
centuries. The diffraction limit indicates that the features smaller than half of the 
working wavelength are carried by evanescent waves which are permanently lost in 
conventional imaging processes [1, 2]. In 2000, the plasmonic effect is demonstrated 
as an efficient method for breaking the diffraction limit [3], owing to its ability of 
resonantly amplifying evanescent components [4]. After that, the near-field superlenses 
are experimentally demonstrated by metal slabs, graphene and some dielectrics [5-9] 
from far-infrared to optical wavelengths. In the further investigations, by stacking 
plasmonic materials and dielectrics, the hyperbolic metamaterial (HMM) is also 
developed for providing lower propagating loss and larger transmission band of spatial 
spectrum [10-12].  
Clearly, the plasmonic effect is very essential for beating the diffraction limit. However,  
within their limited choices, natural plasmonic materials often suffer intrinsic high loss. 
3 
 
[13]. Besides, it is hard to introduce the imaging method into microwave and terahertz 
regimes, where plasmonic effects of most materials become negligible. For example, 
the metals behave as perfect electric conductors in this range [14-16]. To develop the 
low-loss and flexible plasmons at low frequencies, the concept of spoof surface 
plasmons (SSP) [17] and effective surface plasmons polaritons (ESPPs) [18], are 
respectively developed by texturing the geometry of metals and tailoring the structural 
dispersion of electromagnetic (EM) modes in bounded waveguides [31]. These 
methodologies have provided enormously possibilities in sensing, focusing, guiding 
and many novel applications based on controlling waves in subwavelength scale [19-
28]. Nevertheless, amplifying broadband evanescent waves, the key factor of realizing 
superresolution imaging and many other exotic phenomena, is still a blank for the 
designed plasmons [29].  
In this work, we make fully use of the ESPPs and its resonance properties to break the 
diffraction limit at microwave wavelength. It is shown that by tailoring the structural-
induced dispersion of foundational TE mode in a parallel-plane waveguide (PPWG), 
the evanescent waves can be efficiently amplified by arbitrary dielectrics, even  air. 
Based on this, an ‘air’ superlens with resolution exceeding 0.1 λ is demonstrated. As a 
specified realization, we also construct the effective HMM, the validity of which is 
theoretically and experimentally verified by directional propagation and imaging with 
a resolution of 0.04 λ. This work shows that the low-loss superlensing effect is 
practically realizable at any frequencies by available dielectrics.  
Firstly, we briefly study the properties of ESPPs supported by a PPWG, as showed in 
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Fig. 1 (a). It is filled with two isotropic dielectrics, with real permittivities being εr1 and 
εr2 (εr1, εr2 > 0). The metallic wires with period p placed in the interface can prevent the 
TM modes and accumulate electric charges for the normal components of electric field. 
The propagation of TE1 mode along the PPWG leads to geometric dispersion of the 
dielectrics, the effective permittivity εe of which becomes 
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where λ0 is the working wavelength and a is the separation between two parallel plates. 
Theoretically, the filled materials are arbitrary. In this work, the dielectric1 is set as 
most common dielectric, air, which is seem impossible to amplify the evanescent waves. 
The commercial software COMSOL is employed to perform simulations. For simplicity, 
the calculated frequency and the radius of the wires are kept as 2.5 GHz and λ0/300. 
Other parameters are set as p = λ0/40, a = 34.6 mm, εr2 = 4.3. Then, the effective 
permittivities of the chosen materials turn out to be εe1 = -2, εe2 = 1.3. The field 
distributions of Ex, Ey and Hz at the middle plane of the PPWG are illustrated in Fig. 
1(b), respectively related with b1-b3. The EM energy shows high confinement and 
propagates in the form of surface waves at the interface, well consistent with natural 
SPPs. The simulated wavelength of ESPPs is 0.525 λ0, also matched with the theoretical 
calculation 0.519 λ0 by  0 1 2 1 1spp r r r r       . In the b4, the snapshot of Hy is 
rendered, located at 0.4 mm away from the cylinders. One can see that, Hy component 
becomes zero only at the middle plane, meaning that the original TE-polarized waves 
degenerate into the TM-polarized, the polarization of SPPs. Therefore, the effective 
permittivity and the phenomenon of ESPPs are only valid at the middle plane of the 
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PPWG. In the following studies, we only investigate the physical mechanisms at this 
plane. 
To study the behavior of amplifying evanescent waves, a structure is designed and 
rendered in Fig. 2(a), where the middle air and dielectric at both sides are used for 
mimicking the plasmonic and positive (refers to the value of permittivity) materials. 
When a TM-polarized wave with parallel wavevector kx impinges on a homogenous 
slab, the transmission coefficient T is expressed by (see section 1 in supplement) 
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2 2 0y r xk k k  , k0 = 2π/λ0, d is the thickness of the slab, 
εr2 and εr1 are the permittivities of this slab and surrounding materials. Clearly, when 
εr2 = -εr1, the enhanced transmission with broadband kx can be obtained, resulting from 
the significant surface charges accumulation at the plasmon-dielectric interface. In this 
situation, as indicated in the inset of Fig. 2(a), the evanescent waves will be amplified 
at two interfaces. To see if the ESPP also has this ability, we choose the parameters a = 
34.6 mm, εr2 = 5, and d = 14 mm to perform the simulation, corresponding to εe1 = -2, 
εe2 = 2. A 0.4 mm-width slit is employed as the source. The distance between the source 
and the recording plane is 2d and the air slab is located in the center of two planes. Fig. 
2(b) presents the calculated electric field distribution (|E|) of effective plasmonic 
materials. By exciting the ESSP, significant field enhancement at both interfaces is 
clearly observed, well matched with real plasmonic materials (Fig. 2(c)). To 
quantitatively show the enhanced transmission, we define an optical transfer function 
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Th, which is the ratio of the spatial harmonics in the source plane to the recording plane, 
|Hz(kx)rec|/|Hz(kx)sou|. The intensity of spatial harmonics is obtained by Fourier transform 
of the simulated fields in Fig. 2(b). In Fig. 2(d), we plot the |Th| from 0 to 7 k0 (dashed 
line). Clearly, by exciting ESPP at the resonance condition εe1 = -εe2, the broadband 
amplification of evanescent waves can be realized. The trend of Th is also consistent 
with the theoretical calculation (section 1 in supplement).  
The above calculations mean that tremendous superresolution imaging methods based 
on plasmonic effects can be applied into lower frequencies. In addition to air, arbitrary 
low-loss dielectrics are also available for the design owing to the flexibility of this 
dispersion-induced plasmons. We further demonstrate the superlensing effect by 
resolving two points with 0.1λ0 center-to-center distance. To get an undistorted image, 
the thickness of the slab is optimized to 8 mm (section 1 in supplement) and other 
parameters keep unchanged. The intensity of magnetic field (|H|2) at recording plane is 
plotted in Fig. 2(e), and the field snapshot is put in the inset. Compared with the result 
without lens, the targets are clearly distinguished and the intensity is significantly 
enhanced. Therefore, with the assist of ESSP, the unique ‘air’ superlens can break the 
diffraction limit.  
To further prove the advantages of our mechanisms, in this section, we will build the 
effective HMM, a more practical and specified model. Our designed structure is 
illustrated in Fig. 3(a), consisting of periodic air and dielectric layers (each layer holds 
λ/60 thickness) in y direction. The wires with λ/50 period are arranged at all the 
interfaces. The whole system is treated as a homogeneous medium with anisotropic 
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parameters εx = (εe1+ηεe2)/(1+η) and εy = (1+η)εe1εe2/(εe1+ηεe2). η is the thickness ratio 
of two layers. By adjusting the parameters, we can get the situation εx > 0 and εy < 0. 
According to the dispersion relation kx2/εy + ky2/εx = k02, a hyperbolic-shaped dispersive 
line is obtained. This indicates ky is real for arbitrary large value of kx. The physical 
mechanism is that SSPs are excited at the interface of each layer, resulting in 
continuously amplifying the spatial components, as shown in the inset of Fig. 3(a).  
Firstly, the well-known directional propagation of HMM is applied to demonstrate the 
validity of our structure. The parameters are set as: a = 34.7 mm, εr2 = 9, leading to εx 
= 2 and εy = -6. The related dispersive curve (black sold line) is plotted in Fig. 3(c). 
Since the group velocity direction is perpendicular to dispersive curve, the spatial 
harmonics with high kx inside HMM only have two preferred directions, as indicated 
by the red arrows. This phenomenon is also visualized by our effective HMM, as shown 
by the simulated field map in Fig. 3(b), where the electromagnetic waves generated by 
a λ/20-length slit is split into two directions. Therefore, the ESSP-based structure is 
capable of mimicking the directional propagation behavior. However, it is find that the 
beams in Fig. 3(b) is slightly diverged when they go through multilayers, and the angle 
between the two beams is smaller than the theoretical value  arctan /y x    . To 
see the dispersion of simulated results, we apply a two-dimensional Fourier Transform 
and depict the result in Fig. 3(c) by pseudo-color image. It is clear to see that the 
constructed materials allow the propagation of spatial harmonics with broadband kx. 
However, with the increase of kx, the response for our materials deviates from the ideal 
hyperbolic dispersion. This is mainly attributed to the influence of the metallic cylinders. 
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If the dielectric inserted with periodic cylinders is considered as a new homogenous 
material, its permittivity will be different with the original dielectric. By employing a 
retrieving algorithm (section 2 of supplement), we find that εr1 and εr2 are changed into 
1.09 and 9.85, about 9 % higher than the original value. In Fig. 3(c), we also plot the 
dispersive curve using revised values (dashed line) which is well matched with the 
pseudo-color image.  
Allowing propagating broadband harmonics with low-loss makes HMM become a 
better candidate for superlens. In this case, the dispersion of HMM should be as flat as 
possible, so that the harmonics with difference kx will propagate with the same group 
velocity away from the sources. The flat dispersion is realized by setting εr2 = 5.05, 
leading to anisotropy permittivity are εx = 0.3 and εy = -16.2. The simulation is also 
performed for demonstrating the imaging ability. Two slits with λ/50 width and λ/5 
center-to-center distance are employed as the imaging targets. With consideration of the 
disturbance introduced by loss issues, εr2 is reset as 5.05+0.1i, the imaginary part of 
which exceeds the loss of most of dielectrics in microwave frequency range. The 
calculated field snapshot of Hz is depicted in the Fig. 3(d). It is clear that 
electromagnetic energy propagates along the y direction without x-direction spread, 
leading to the exact reproduction and transfer of input patterns. In insert of Fig. 3(d), 
we illustrate the field intensity of the targets in the imaging plane, where two targets are 
totally separated. Its ultimate resolution is estimated by full-width at half-maximum of 
one peak, which is about 0.04 λ. The resolution can be further improved by choosing 
low-loss materials and optimizing the geometrical parameters. The more practical far-
9 
 
field superresolution imaging is also verified by setting the lens into a cylindrical 
geometry (see section 3 of supplement). The directional propagation and 
superresolution imaging can fully demonstrate that the HMM can be induced by the 
ESPP even at microwave wavelengths. As the HMM has been applied in tremendous 
topics [30] as subwavelength imaging, spontaneous emission enhancement, heat 
transport, wave manipulation, on-chip sources and so on, introducing new methods to 
construct HMM away from its original optical wavelength can open tremendous 
potentials. Besides, the flexibility and loss of effective HMM are better than the 
traditional HMM.  
In the following parts, we experimentally verify the exotic properties of the ESPP. Here, 
we mainly focus on the demonstration of effective HMM. For the purpose of easy 
fabrication, we replace the periodic cylinders with 35 um-thickness metallic stripes, 
which is precisely integrated with dielectric layers by electrolytic copper-clad process. 
The substrate with stripes on both sides is presented in Fig. 4(a). A close shoot of stripes 
accompanied by their parameters is put in the inset. The width, thickness and height of 
the substrate are respectively 120 mm, 36.7 mm and 2 mm (λ0 = 120 mm). The substrate 
is made by a composite material, whose permittivity can be designed from 3 to 22 by 
changing the filling ratio. In this work, we fabricate two samples with permittivities 
being 4.7 and 8.5, respectively corresponding to the simulations in Fig. 3(b) and Fig. 
3(d). The copper plate, as shown in Fig. 4 (b), is employed to construct the PPWG. The 
grooves on the plate with 2 mm width, 4 mm period and 1 mm height, are cut by lathe 
to fix the dielectric layers. The width of the plate is 66 mm, corresponding to 16 periods 
10 
 
of grooves. It should be pointed out that, when we calculate the effective permittivity, 
the value of a for air should be 2 mm less than dielectric layers owing to the influences 
of grooves. Finally, by combining all parts, the picture of constructed multilayers 
structure is put in Fig. 4(c). 
In the measurement, a monopole antenna is applied as the source and another monopole 
is employed to record the data by a scanning process. The position of the source and 
scanning path are labelled by dashed line in Fig. 5(b). All the antennas are connected a 
wave vector network analyzer (more details see section 4 of supplement). Fig. 5(a) 
presents the averaged measured field intensity (blue solid line) and corresponding 
simulation results in the case of εe1 = 8.5. The configurations of the simulations in Fig. 
5 are the same with experiment. We can notice the experiment is well matched with the 
simulations and two spikes are clearly distinguished. Therefore, combining the tested 
field distribution with the simulated field maps in Fig. 5(b) can well demonstrate the 
phenomenon of the directional propagation. The simulated structure in Fig. 5(b) is 
exactly the same with the experiment. Then, we verify the ability of superresolution 
imaging by filling dielectric with εe2 = 4.7 into the PPWG. Under the excited of a 
monopole antenna, the field will propagate forward without any tangential spread, as 
indicated by the simulated filed map at Fig. 5(d). The measured and simulated filed 
intensities at the output face are plotted in Fig. 5(c). Remarkably, a resolution of 0.087 
λ is experimentally obtained (blue solid line), the value of which is much better than 
the previous HMM lens [10-12] owing to the low-loss. It is also recognized that the 
measured resolution is worse than the simulated results 0.04 λ. This can be attributed 
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to the tolerances caused by fabrication, arrangement and measurement. By combing all 
the results, the effective-HMM is fairly verified, also demonstrating the ability of the 
ESSP in amplifying the evanescent waves.  
In conclusion, we propose and experimentally demonstrate that the broadband 
evanescent waves can be amplified by arbitrary positive dielectrics. The working 
principle is based on the effective plasmonic effects by exploiting the structural 
dispersion of TE1 mode in a PPWG. By using air as the effective plasmonic material, 
the spatial harmonics up to 7 k0 can be effectively enhanced. We further stack the air 
and dielectric layers to build the HMM. The validity of HMM is theoretically and 
experimentally demonstrated by the directional propagation and subwavelength 
resolution imaging with a measured resolution 0.087 λ. We are confident that this work 
can provide more possibilities for beating the diffraction limit.  
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Fig. 1(a) a PPWG is filled with two isotropic dielectric materials with the real 
permittivity being εr1 and εr2. (b) b1-b3 are the field distributions of Ex, Ey and Hz at the 
middle plane of the PPWG. b4 shows the snapshot of Hy field at y-z plane, which is 0.4 
mm away from the cylinder array.  
 
 
Fig. 2(a) The schematic of the studied structure for amplifying evanescent waves. The 
inserted picture shows the process of amplification at two interfaces; (b) and (c) are 
electric field patterns of the effective and real plasmonic materials, respectively; (d) 
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The theoretical (solid line) and simulated (dashed line) transfer functions of the air slab; 
(e) shows the line profiles of 0.1λ-separated two points taken from the imaging plane. 
In the insert of (e), we present the electric field distribution of the ‘air’ superlens.  
 
 
Fig. 3(a) The designed structure of effective HMM, consisting of air and dielectric 
layers; (b) The simulated electric field distribution of HMM under the excitation of slit.; 
(c) The dispersion of the designed HMM. The pseudo-color image is obtained by two-
dimensional Fourier Transform of (b). The solid and dashed lines are the results 
calculated by effective medium theory without and with modification, respectively. (d) 
illustrates the field snapshot of Hz when two slits with 0.2 λ separation are employed as 
the targets; The ultimate resolution is 0.04 λ. 
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Fig. 4 Experimental realization. (a) The picture of fabricated dielectric layers, where 
the electrolytic copper-clad stripes are located on both sides. The inserted picture is the 
close shoot the stripes; (b) The copper plate with inner periodic grooves to mimic the 
PPWG and fix the dielectrics; (c) The assembled HMM structure by stack 16 periods 
of air and dielectric layers. 
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Fig. 5 (a) and (c) show the measured field intensity by scanning a monopole antenna, 
and the scanning lines are labelled in (b) and (b), the related simulated field distributions. 
In (a) and (b), the permittivity is set as 8.5 for the phenomenon of directional 
propagation; In (c) and (d), the permittivity is set as 4.7 for the subwavelength 
resolution imaging.  
 
 
  
